Telocytes (TCs) are a novel type of interstitial cells that are thought to be involved in tissue regeneration and repair. However, the possible roles of TCs in vascular diseases remain unclear. In this study, we used a rat model of carotid artery balloon injury (CABI) to study the changes and potential roles of vascular TCs after vascular injury. Transmission electron microscopy (TEM) and CD34/vimentin immunolabeling were used to identify and quantify TCs in normal and injured carotid arteries. Quantitative immunofluorescence analysis revealed that, compared with the sham group, the number of TCs in the CABI group increased from 7. 
INTRODUCTION
VSMC proliferation is among the common cellular pathological bases of many vascular hyperplastic diseases, including hypertension, atherosclerosis and restenosis derived from vascular intervention. Particularly in vascular injury due to balloon angioplasty and endovascular stent implantation, the proliferation of VSMCs is an active part of the vascular repair process (Inoue and Node, 2009) . Although VSMC phenotypic transformation and the stem cells/ progenitors of VSMCs have been considered to be the main factors in VSMC proliferation, the underlying mechanism of VSMC proliferation remains controversial. Recently, a new type of interstitial cells called TCs have attracted increasing attention because of their great potential in tissue regeneration and repair (Ja et al., 2016; Li et al., 2014; Wang et al., 2014) .
Increasing evidence has indicated that TCs are involved in the pathological processes of many diseases, including myocardial infarction (Manole et al., 2011; Zhao et al., 2013 Zhao et al., , 2014 , heart failure (Richter and Kostin, 2015) , renal ischemia-reperfusion injury (Li et al., 2014) , liver fibrosis (Fu et al., 2015) , and others. However, the potential roles and mechanisms of TCs in the repair of vascular injury remained to be elucidated. In our previous study, TCs were observed to be located in the innermost layer of the tunica adventitia of the rat carotid artery, adjacent to the medial VSMCs. Thus, we hypothesized that the biological signal derived from TCs might be involved in VSMC proliferation.
In this study, we aimed to clarify the role of TCs in the repair of vascular injury and to explore the possible mecha-nisms. The rat model of CABI was established. TEM and immunostaining were used to identify vascular TCs in the model. The proliferation of VSMCs was analyzed by flow cytometry.
RESULTS

The number of TCs increased significantly in the CABI model
Vascular ultrasound and histomorphometric analysis showed that the luminal diameter of the injured CCA (common carotid artery) was significantly narrowed and neointima formed compared with the sham group ( Figure  1A and B).
TEM showed that in the CCA, TCs were distributed in the connective tissue layer of the tunica adventitia, i.e., in the innermost layer of the adventitia and adjacent to the media. Compared with the sham group, the number of TCs showed a clear tendency toward increase in the CABI group ( Figure 1C) .
The TCs of the CCA were identified by immunolabeling with CD34/vimentin. The numbers of TCs in the normal and injured CCA were compared using the immunoconfocal images, as shown in figure 1 (Figure 1D-I ). As shown in Figure 1F and I, CD34 and vimentin were co-localized at the junction of medial layer and adventitia in CCA. Immunostaining for CD34/vimentin and confocal microscopy found that the number of TCs in the CABI group was significantly higher than in the sham group. Quantitative analysis revealed that a 1 mm 2 normal vessel contained 7.2±1.0 TCs. However, after CABI, the number of TCs rose dramatically and averaged 20.4±1.8 per 1-mm 2 vascular area in the injured vessel ( Figure 1J ) (P<0.001).
Different immunophenotypes of vascular TCs, fibroblasts (FBs) and neurons
In vitro, vascular TCs were identified by immunostaining with CD34/vimentin and CD34/PDGFR-β. TCs, FBs and Figure 1 TCs were significantly increased in the CABI model. A, Vascular ultrasound performed 14 days after CABI and statistical histogram of lumen diameter of CCA based on vascular echo. B, Representative images of CCA sections stained with H&E. Histomorphometric analysis showed lumen stenosis and neointimal formation in injured arteries. C, TEM image of the distribution of TCs in the CCA. Immunofluorescent confocal images showed that the CD34 (D and G) and vimentin (E and H) double positive cells were significantly increased in the CABI group (I) than the sham group (F). White arrows denote TCs. Nuclei were stained blue with hoechst33342. Scale bar=20 μm. J, Quantification of TCs in sham and CABI groups. Data are mean±SEM (n=7-9 rats per group). (*, P<0.05; **, P<0.01; ***, P<0.001). CABI, carotid artery balloon injury; CCA, common carotid artery; Tp, telopode; TEM, transmission electron microscope. neurons were distinguished through different double immunofluorescent methods. As shown in Figure 2A -F, vascular TCs were positive for CD34/vimentin and CD34/ PDGFR-β, while FBs and neurons were negative for CD34 ( Figure 2G , J, M and P). FBs were positive for vimentin ( Figure 2H ) and PDGFR-β ( Figure 2K ), while neurons were only positive for PDGFR-β ( Figure 2Q ) and weakly positive for vimentin ( Figure 2N ). These data demonstrated the different immunophenotypes of TCs, FBs and neurons in primary culture.
The supernatant of TCs promoted VSMCs proliferation
Cell cycle analysis showed that the proportion of VSMCs in S phase and G2/M phase clearly increased when VSMCs were incubated with the supernatant of vascular TCs, (10.68+3.53)% vs. (13.51+5.46)%, ((TCs−) vs. (TCs+), P<0.05) (Figure 3 ).
miR-24 involved in TCs mediated the proliferation of VSMCs
As shown in Figure 4A , the expression level of miR-24 in TCs was higher than in VSMCs based on the in situ hybridization of cells. Furthermore, when TCs were pre-treated with antagomir-24, the percentage of VSMCs in S phase and G2/M phase clearly decreased (12.76+4.92)% vs. (9.89+2.85)%, P<0.05) . Consistently, the ratio of VSMCs in G0/G1 phase increased considerably, 82.65% vs. 87.25%, (antagomir-NC vs. antagomir-24, P<0.05) ( Figure 4B ).
DISCUSSION
Identification of the characteristics of TCs
To explore the function of TCs, it is fundamental to identify their characteristics. TEM is considered to be an important means to identify TCs. However, fibroblasts, neurons and TCs all have a similar appearance, which cannot be distinguished by TEM. Therefore, combination with the immunophenotypic features of different cells was essential to differentiate TCs, fibroblasts and neurons. Double staining for immunofluorescence plays a key role in the identification of TCs, especially double positive immunostaining with CD34/vimentin or CD34/PDGFR-α(β) (Cretoiu and Popescu, 2014) . In this study, vascular TCs were positive for CD34/vimentin and CD34/PDGFR-β. Fibroblasts were negative for CD34 but positive for vimentin and PDGFR-β. TCs and fibroblasts were different in functionality. Fibroblasts were mainly involved in the synthesis of collagen and the production of some matrix components, while TCs tended to act as active regulators in intercellular communication by homocellular/heterocellular junctions or shed vesicles. The function of TCs could be related to their various immunophenotypes. TCs were named interstitial neurons more than 100 years ago (Popescu and FaussonePellegrini, 2010) . However, this study demonstrated that neurons were negative for CD34 and weakly positive for vimentin, very different characteristics from TCs. Thus, shape combined with immunophenotypic characteristics plays a crucial role in distinguishing TCs from fibroblasts and neurons. In addition, vascular TCs were confirmed to express certain stem cell markers, including c-kit, nanog and sca-1 ( Figure S1 in Supporting Information). This finding suggested that vascular TCs might have certain characteristics of stem cells. Studies have reported TCs to occupy a strategic position in relation to stem cell niches and to be able to guide and nurse stem cells Zhou et al., 2014) . Thus, TCs might be closely related to tissue regeneration and repair.
TCs participate in the repair of vascular injury
The repair of vascular injury is a process of neointimal formation and proliferation involving a cascade of cellular reactions, and VSMC proliferation is highly important in this process. There are two main factors in VSMC proliferation after vascular injury, namely VSMC phenotypic switching and stem cells/progenitors of VSMCs. VSMCs display remarkable plasticity and undergo profound changes in phenotype during the repair of vascular injury, exhibiting a transition from the contractile phenotype to the synthetic phenotype (Alexander and Owens, 2012) . The synthetic phenotype of VSMCs shows great proliferation and secretion ability. However, a lack of direct evidence has been available to trace the proliferative VSMCs from the synthetic phenotype of VSMCs. There was considerable controversy about the stem cells/progenitors of VSMCs, and the exact source, role and properties of these cells remained unclear. More and more studies reported that components of the adventitia participated in a wide range of vascular diseases (Majesky, 2015; Sano et al., 2016; Wang et al., 2016) . In this study, TCs were observed to be located in the tunica adventitia. The number of TCs clearly increased in the injured carotid artery. Additionally, the supernatant of vascular TCs could promote the proliferation of VSMCs. Therefore, in addition to the phenotypic transformation of VSMCs and the stem cells/progenitors of VSMCs, vascular TCs were shown to be involved in the repair of vascular injury. However, the question remained: what is the mechanism by which TCs promote the proliferation of VSMCs?
The underlying mechanisms by which TCs promote the proliferation of VSMCs
The function of TCs is closely associated with microRNAs and secreting cytokines. Cardiac TCs contain some angiogenic miRs and promote angiogenesis after myocardial infarction (Manole et al., 2011) . In another study, the microRNA signature in cardiac TCs was defined, and miR-193 was considered for differentiating TCs from other stromal cells . Based on previous literature reports, microRNAs participate in regulating the proliferation of VSMCs: for example, miR-24 (Chan et al., 2010) , miR-221 (Liu et al., 2009) , miR-146a (Sun et al., 2011) , among others, can motivate the proliferation of VSMCs. Our results indicated that vascular TCs and VSMCs expressed miR-24, but the expression level of miR-24 in TCs was higher than in VSMCs. Interestingly, the supernatant of vascular TCs could not affect the proliferation of VSMCs when the TCs were pre-treated with antagomir-24. This result suggested that miR-24 was a key regulator for TC-mediated VSMCs proliferation. Whether the other microRNAs involved in the proliferation of VSMCs are mediated by TCs requires further study.
Cytokines are not only the key mediators for the roles of TCs but also are important factors in promoting the proliferation of VSMCs. Other studies have reported that TCs can secrete certain cytokines, including VEGF (vascular endothelial growth factor), IL-6 (interleukin-6), MIP-1α (macrophage inflammatory protein 1-α), thus playing a modulatory role in stem cell proliferation and differentiation (Albulescu et al., 2015) or promoting the proliferation and angiogenesis of human pulmonary microvascular endothelial cells . This study showed that the ratio of VSMCs in S and G2/M phase increased when VSMCs were incubated with the supernatant of TCs. Likewise, vascular TCs expressed VEGF ( Figure S2 in Supporting Information). As a star molecule, VEGF plays a fundamental role in promoting angiogenesis, repairing injured vessels, and causing VSMC proliferation. Thus, vascular TCs might transmit some signals (including VEGF) to the other cells via direct contact or a paracrine mechanism, contributing to the proliferation of VSMCs.
In addition, the telopode, the very long and thin prolongation of TCs, might be involved in calcium uptake/release (Popescu and Faussone-Pellegrini, 2010) , and intercellular calcium is an important regulator of VSMC proliferation (Rodriguez-Moyano et al., 2013) . In our study, vascular TCs and VSMCs were co-cultured, and intercellular calcium was detected by Fluo 4-AM and Fura 2-AM. The results showed that Ca 2+ concentration was not significantly different between the TCs and VSMCs, indicating that the Ca 2+ of vascular TCs might not be a major factor in VSMC proliferation ( Figure S3 in Supporting Information).
TCs are known to mediate intercellular communication through secreting cytokines or releasing extracellular vesicles. Recent evidence has been found that TCs can transfer extracellular vesicles loaded with microRNAs to stem cells from the heart and blood, and this epigenetic pathway is bidirectional (Cismasiu and Popescu, 2015) . In this study, some extracellular vesicles of TCs were observed by living cell imaging and TEM ( Figure S4 in Supporting Information). Based on previous studies, these vesicles might function as intercellular shuttles for biological signals (Cismasiu and Popescu, 2015; Manole et al., 2011) . However, whether the vesicles of vascular TCs are loaded with miR-24 or other molecules requires more study.
In conclusion, the number of TCs increased sharply in the CABI of rats. Using double immunofluorescent staining, our study demonstrated that vascular TCs were positive for CD34/vimentin and CD34/PDGFR-β, unlike fibroblasts and neurons. The supernatant of vascular TCs promoted VSMC proliferation, and miR-24 was shown to be an important regulator ( Figure 5 ). Vascular TCs expressed some stem cell markers and VEGF and secreted vesicles, which might be other factors promoting VSMC proliferation. Thus, TCs served as active regulators in the repair process of vascular injury. Our study provides a new insight into the proliferation of VSMCs, and TCs might be a novel target for vascular hyperplastic diseases.
MATERIALS AND METHODS
Animals
Male Sprague Dawley (SD) rats (body weight, 250-300 g) and pregnant rats (E18d) were obtained from the laboratory animal department of Peking University Health Science Center.
Rat carotid artery balloon injury (CABI) model
The experimental protocol was modified from Tulis et al. (Tulis, 2007) . Briefly, a rat was anesthetized, and the right CCA was exposed. For ligation of the distal end of the external carotid artery (ECA), the blood flow of the proximal CCA and internal carotid artery (ICA) was temporarily blocked with artery clamps. A'V'-shaped incision was made near the ligation of the ECA with an ophthalmic scissor. A PTCA balloon catheter (1.5 mm×15 mm, Maverick, USA) was introduced via the arteriotomy incision, then slowly advanced to the proximal edge of the CCA. To produce carotid artery injury, the balloon was inflated with air and withdrawn three times, and ligation was performed on the ECA proximal to the bifurcation. The blood flow in the CCA and ICA was then restored. In the sham group, the CCA was isolated but not injured.
Fourteen days after the operation, the lumen diameter of the CCA was measured using a VisualSonics Vevo 770 cardiovascular ultrasound system (VisualSonics, Inc., Canada).
Morphometric analysis for neointimal lesion formation
Small fragments (approximately 0.5-1 cm) of the CCA were fixed with 10% neutral formalin for hematoxylin-eosin (H&E) staining. The specimen was cut 5 μm thick. Morphometric analysis using a computerized image analysis system (Image Pro Plus 6.0, Media Cybernetics, USA) was performed in segments, as described previously (Ji et al., 2007) . The lumen area and neointimal area were measured and calculated.
Transmission electron microscopy (TEM)
An anesthetized rat was fixed, and the thoracic cavity was opened. To fix the blood vessels in situ, 20 mL of physiological saline (containing heparin sodium 240 IU per 20 mL) and 10 mL 4% paraformaldehyde solution was perfused through a puncture in the left ventricle. Then, the CCA was removed and cut into small fragments (approximately 1 mm 3 ). The fragments were washed with ice phosphate buffer and fixed in 3% glutaraldehyde at 4°C overnight. The samples were postfixed with 1% osmium tetroxide for 2 h and dehydrated in a graded series of acetone, followed by saturation with a mixture of different proportions of acetone and epoxy resin, embedding with a board containing epoxy resin. The ultrathin sections (70 nm) were made using a LEICA EM UC7 (Germany) and stained with uranyl acetate and lead citrate for 30 min. The sections were observed and photographed under TEM (JEM-1230, Japan).
Isolation and primary culture of vascular TCs, VSMCs, fibroblasts and neurons
The CCA was isolated under sterile conditions. After rinsing with fresh phosphate-buffered saline (PBS) 5-6 times, the vessel was cut along the longitudinal axis. The vascular intima and tunica media were scraped. The intima and adventitia were removed to isolate the VSMCs. The vessel was cut into 3-4 segments. The sections were then minced into 1 mm 3 pieces and digested with 1 mg mL −1 collagenase type Ⅱ (Gibco, USA) for 6-8 h on an orbital shaker at 37°C. Dissociated cells were collected by centrifugation (168×g, 10 min). Cells were resuspended in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS) (HyClone, USA), 100 U mL −1 penicillin, and 100 μg mL −1 streptomycin (Gibco), then cultured in a humidified atmosphere of 5% CO 2 at 37°C for 2 h to purify vascular TCs and allow fibroblast attachment. The suspension (containing TCs) was collected and plated. To further purify the vascular TCs, CD34 + /c-kit + cells were sorted through flow cytometry (BD FACSAria M II). The morphology of the cells was observed using an inverted phase contrast microscope (LEICA DMIRE2, Germany) ( Figure S5 in Supporting Information).
Cortical neurons were aseptically obtained from pregnant rats (E18d) and digested with 0.2% trypsin (Gibco) for 30 min at 37°C, followed by trituration with a flame-polished Pasteur pipette. Dissociated cells were collected by centrifugation (168×g, 5 min). The neurons were resuspended in plating medium (DMEM containing 10% FBS), then plated onto coverslips coated with poly-D-lysine (Sigma-Aldrich, USA). After 4 h, the medium was replaced with Neurobasal medium supplemented with 2% B27, 2 mmol L −1 Gluta-MAX-1 (Invitrogen, USA), 100 ng mL −1 mouse NGF (Promega, USA), 100 U mL −1 penicillin and 100 μg mL
streptomycin. After plating for 18-24 h, a final concentration of 10 μmol L −1 Arac (Sigma-Aldrich) was added to the culture medium .
Immunofluorescent staining for CCA and cells
After fixing with 4% paraformaldehyde and dehydration with 20% sucrose solution, the tissue samples were embedded in O.C.T compound (SAKURA, USA) and frozen with liquid nitrogen, then cut at a thickness of 7 μm through LEICA CM3050 S (Germany). The tissues were postfixed in acetone for 10 min, and then 0.2% Triton X-100 (Sigma-Aldrich) was added for 15 min. The sections were incubated with 1% bovine serum albumin (BSA) for 30 min. After rinsing in PBS, the samples were incubated at 4°C overnight with primary antibodies against CD34 (Abcam, USA) and vimentin (FITC) (Abcam). Alexa Fluor ® goat anti-rabbit IgG 568 (Invitrogen) served as the secondary antibody in the detection system. The nuclei were stained with hoechst33342 (Sigma-Aldrich). The negative controls were obtained using PBS instead of the primary antibodies. The samples were examined by confocal laser microscopy using LSM 780 (Zeiss, Germany).
Cells were grown on coverslips. After being washed with PBS three times, the cells were fixed with 4% paraformaldehyde for 15 min. The subsequent steps were the same as above.
Quantitative immunofluorescent microscopy for TCs in CCA
We counted the positive co-expression of CD34 and vimentin of cells having a hoechst33342-positive nucleus and thin prolongations. Each group contained at least 7 samples. At least ten random fields in each section were analyzed. The number of TCs was calculated per 1-mm 2 vascular area. and Lipofectamine 2000 (Invitrogen) were incubated separately with Opti-MEM I (Invitrogen) for 5 min, then mixed and incubated for 20 min. The cell medium was replaced for the transfection reaction. The medium was refreshed after 4 h. The supernatant of the TCs was collected and centrifuged to remove debris after 48 h. The supernatant was stored at −80°C.
In situ hybridization for TCs and VSMCs
Cell cycle analysis
VSMCs were cultured with DMEM not containing FBS when the cells grew to a confluency of 60%-70%. After 12 h, the VSMCs were treated with the supernatant of vascular TCs containing or not containing miR-24 for 48 h. VSMCs were then collected and fixed with 70% ethanol at 4°C overnight. Cells were treated with 0.2 mg mL −1 RNase A and incubated at 37°C for 30 min, followed by the addition of 7-aminoactinomycin D (BD) and incubation for 10 min. The cell cycle of the VSMCs was detected using a BD FACSAria M II.
Statistical analysis
Data are presented as the mean±SEM. For two-group comparison, the unpaired two-tailed Student's test was used. PRISM 5.0 (GRAPHPAD software, USA) was used for statistical analysis. P<0.05 was considered a statistically significant difference. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
SUPPORTING INFORMATION
Figure S1 Vascular TCs expressed certain stem cell markers. The supporting information is available online at life.scichina.com and link.springer.com. The supporting materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content remains entirely with the authors.
